Abstract-This paper examines the use of deep reactive ion etching of silicon with fluorine high-density plasmas at cryogenic temperatures to produce silicon master molds for vertical microcantilever arrays used for controlling substrate stiffness for culturing living cells. The resultant profiles achieved depend on the rate of deposition and etching of an SiO x F y polymer, which serves as a passivation layer on the sidewalls of the etched structures in relation to areas that have not been passivated with the polymer. We look at how optimal tuning of two parameters, the O 2 flow rate and the capacitively coupled plasma power, determine the etch profile. All other pertinent parameters are kept constant. We examine the etch profiles produced using electron-beam resist as the main etch mask, with holes having diameters of 750 nm, 1 μm, and 2 μm.
are some differences between its use in the integrated circuit (IC) industry and the more recent MEMS and BioMEMS applications. Feature sizes are normally in the submicrometer region and are actually getting smaller for IC fabrication, while structures for MEMS and BioMEMS are normally a few micrometers wide. On the other hand, while the etch depths are only a few micrometers in ICs, etch depths can reach several hundred micrometers in MEMS and BioMEMS fabrication. Some of the requirements in reactive ion etching (RIE) for MEMS and BioMEMS include generation of high aspect-ratio structures without sacrificing etch rate unduly, maintaining high selectivity of photoresist or etch mask relative to silicon, and precise control of sidewall profile. In some applications, a smooth surface (average roughness of less than 200 nm) is required, as is the case for molds used for polymer hot embossing processes [1] , [2] or for microneedles used in drug delivery [3] .
Anisotropic RIE involves the delicate balance between passivation of the sidewalls and etching of the bottom of the structures. The etch is mainly produced by bombardment of ions from the plasma discharge. Laermer and Schilp [4] , [5] first developed this etch technique at Bosch and, hence, it is also commonly referred to as the "Bosch process." This technique involves alternating etch and passivation steps in a continuous cycle to achieve the high aspect-ratio structures. Both steps are done at room temperature. This technique was later codeveloped and marketed by Surface Technology Systems plc (U.K.) and Alcatel Vacuum Technology (France) on their inductively coupled plasma (ICP) tools [6] . Some of the earliest products using this technology were surface micromachined devices, such as the accelerometer for airbag deployment [7] . Another notable application is the fabrication of gyroscopes used in cars for stability control [8] . Typical etch rates are about 2 μm/min, although rates as high as 10 μm/min are achievable today [6] .
An alternative technique introduced by Tachi et al. [9] involves etching substrates at cryogenic temperatures, also using fluorine-based high-density plasmas. The main chemical reactions that occur in RIE are those due to spontaneous etching and those due to ion-assisted reactions [9] , [10] . The spontaneous reactions which occur on both the sidewalls and the bottom account for the isotropic etch. To produce anisotropic etches, the spontaneous reaction has to be slowed considerably. Tachi et al. accomplished this by controlling the substrate temperature, the rationale being that cooler temperatures will reduce the reaction probability or the incident flux of radicals on the sidewalls. It must be noted that the original cryogenic technique they described did not include the use of oxygen (O 2 ) in the plasma although its use had previously been reported by other laboratories [11] .
Other researchers in this area [12] [13] [14] combined the Tachi group's original technique with that of Zhang et al. [11] and were able to use O 2 in a very sensitive method for control of the anisotropic etch of silicon (Si). In SF 6 /O 2 high-density plasma etching, the decomposition of SF 6 into free-fluorine (F) radicals is responsible for the isotropic component of the etch cycle by formation of volatile components which include SiF 4 [10] , [15] , [16] . Other decomposition by-products include ions such as SF + 5 [10] , [15] , which are able to etch SiO x F y (ion-assisted etching) although this occurs mainly at the bottom of the structures. Combining the two techniques to produce the desired etch profiles requires tuning of various parameters to achieve the right balance between etching of unpassivated silicon, sidewall passivation, and etch of the bottom of the structures. There are surprisingly few articles addressing optimization of sidewall profile in cryogenic etching [10] . A recent study has optimized cryogenic-etch process parameters for making high aspect-ratio submicrometer (300-700 nm) trenches. They achieve aspect ratios > 10 : 1. Their optimized process is used for making integrated rib waveguides for photonics applications [17] . However, even when an appropriate set of parameters has been determined, they are not necessarily applicable to all designs, and the process must be tuned for each specific mask layout and final desired etch profile.
Vertical microcantilever arrays have been used to study cell mechanobiology and traction forces and provide a platform for investigating cellular biomechanics in vitro [18] [19] [20] [21] [22] [23] . One advantage that they provide over other traditional methods, for example, the use of flexible continuous sheets, is that deflections are independent of each other. The original techniques for making these vertical microcantilever arrays have involved using photolithography on silicon wafers followed by single [24] or double casting of polydimethylsiloxane (PDMS) (soft lithography) to yield the final microcantilever arrays. The double casting results in the use of a secondary master mold for casting the final arrays. Another method to produce vertical microcantilever arrays has been reported. This method uses LIGA (German acronym for lithography-electroplatinginjection-molding) for making the master molds [25] . However, the LIGA technique requires a synchrotron radiation source which is not readily available. In addition, the other methods are more compatible with MEMS and other cleanroom microfabrication processes. However, the LIGA technology still offers some advantages which are not surpassed by any other technology. It still produces the highest aspect-ratio structures in metal and has extremely good surface roughness. Hence, there are still some applications for which LIGA is the technology of choice. The motivation for working toward the cryogenicetching approach is to overcome the limitations of the original soft-lithography technique which uses SU-8, a thick polymer photoresist for making the master molds for the microcantilever arrays. Although this method has proven to be simple, we have experienced some limitations in fabricating PDMS microcantilever arrays that we and other groups have previously reported [18] , [20] .
This paper describes a cryogenic-etching technique used to create master molds for vertical microcantilever arrays in silicon. We investigate how two main parameters, the oxygen flow rate and the radio-frequency-excited capacitively coupled plasma (CCP) power, affect the profile characteristics. The wafer temperature and other pertinent parameters, e.g., SF 6 flow rate, are kept constant. Other laboratories [19] , [26] have reported the use of the Bosch process for making similar master molds in silicon. However, unless process parameters are carefully optimized, it appears that dry RIE can produce scalloping on the sidewalls of the silicon master mold, making separation of the PDMS mold very difficult, if not impossible. The scalloping on the sidewalls introduces a surface roughness, and scallop depths can range from 50 to 300 nm [27] . This, in turn, can severely compromise removal of replica-cast PDMS microcantilevers. Second, microcantilevers produced in this manner are not entirely cylindrical and, therefore, cannot be considered to behave like the simple cantilever beams. Indeed, another group has shown that such microcantilevers appear grossly scalloped under scanning electron microscopy and that their bending mechanics are significantly more complex than simple vertical cantilever beams [28] . We have used the Bosch process at standard laboratory temperature to produce master molds at the University of Michigan Lurie Nanofabrication Facility. Fig. 1 shows the scalloping effect, which occurs primarily because the cycling of the etch and passivation steps does not occur at the same time as compared with the cryogenic-etch process. Both techniques require extensive fine-tuning of etch parameters to obtain the desired sidewall profile, and we were unsuccessful at optimization attempts to minimize scalloping. One advantage of the cryogenic-etching technique over the Bosch process is that the etch parameters do not have to be as carefully optimized to obtain smooth sidewalls. We report our optimization results for etching cylindrical holes in the micrometer range with aspect-ratio < 5 : 1 and with different pitches.
II. MATERIALS AND METHODS
For our cryogenic-etching experiments, the circle patterns for the microcantilever arrays were originally designed using the free shareware computer-aided design tool Layouteditor. The design files were converted into a format compatible with a JEOL JBX-9300 100-kV electron-beam (e-beam) lithography system (see Fig. 2 ). Silicon wafers were spin coated with ZEP 520A e-beam resist at two spin speeds, 6000 and 2000 r/min, yielding two nominal thicknesses. The wafers were baked on a contact hot plate at 180
• C for 2 min. The wafers were then loaded into a JEOL system and exposed. Designed patterns were arrays of circles with diameters of 750 nm, 1 μm, and 2 μm with edge-to-edge spacings of 1, 2, and 4 μm. Each array was designed to be approximately 2 mm 2 . A typical 4-in wafer had 12 such individual arrays, and the e-beam system took an average of 8 h to write 24 individual arrays. The exposed wafers were developed in xylenes for 40 s, rinsed in isopropyl alcohol, and dried under a stream of nitrogen. The 4-in wafers were either cleaved into four quarters or etched as full wafers. An Oxford PlasmaLab 100 DRIE/RIE system capable of Bosch process etching, cryogenic processing, and standard RIE dry etching of silicon was used for the etch step. The wafers were maintained at −110
• C in all cases. The SF 6 flow rate during the etch was maintained at 80 standard cubic centimeters per minute (sccm). The ICP power was maintained at 1250 W, and the CCP and O 2 sccm rates were varied. For initial etch runs, the wafers were cleaved and examined using a FEI Nova 600 scanning electron microscope/focused ion beam system to determine etch depth and profile. The photoresist thickness before and after the etch was determined using a Filmetrics F50 profilometer and a Horiba Jobin Yvon MM-16 ellipsometer. The e-beam resist was then stripped using acetone and the wafers were descummed in a plasma cleaner.
The silicon master molds were later oxidized in a plasma cleaner for 30 s, then silanized with (Tridecafluoro-1,1,2, 2-tetrahydrooctyl)-1-trichlorosilane (United Chemical Technologies; Bristol, PA) under partial vacuum overnight. To test if the master molds could be used successfully to make the microcantilever arrays, liquid PDMS (10 : 1 ratio of monomer to curing agent mixed using the AR-1000 Thinky mixer) was poured on the surface of the silanized silicon master mold, degassed in a desiccator using a vacuum pump (Leybold Trivac D2.5E capable of achieving a vacuum pressure of 5 × 10 −4 mbar), and cured at two different temperatures (65
• C and 110
• C) for 20 h. The cured elastomer was peeled from the PDMS mold to yield a vertical microcantilever array.
Culture wells in PDMS were made from punching blocks of PDMS with a 4 mm × 4 mm square punch. Prior to seeding, the microcantilevers were pretreated with normal culture medium overnight. These wells were placed over each individual array and mesenchymal stem cells (C57Bl/ 6-TgN(ACTbEGFP)1Osb) [29] at an original concentration of 10 5 /mL were seeded into these wells at 40 μL per well, giving a final concentration of about 4000 cells/well. Cells were cultured in complete culture medium (CCM) which consisted of 10.0% fetal-calf serum and 10% horse serum in α minimum essential medium with 2 mM L-glutamine and penicillin/streptomycin for seven days. Osteogenic differentiation media (ODM) was prepared by taking 192 mL (CCM) and adding 1 nM dexamethasone (20 μL of 1 : 100 dilution of 1 mM stock solution in deionized (DI) water), 20 mM β-glycerol phosphate [8 mL of 0.5 M stock in (CCM), and 50 μM L-ascorbic acid 2-phosphate (200 μL of 50 mM stock solution in DI water) and 50 ng/ml L-thyroxine sodium pentahydrate (100 μL of a 0.1mg/ml stock in water)] [30] . Adipogenic differentiation media (ADM) was prepared from 200 mL of CCM with 1 μM dexamethasone (200 μL of 1 μM dexamethasone, 1 mM stock in DI water), 0.5 μM isobutylmethylxanthine (20 μL of 5 mM stock in methanol), 5 μg/mL insulin (500 μL of a 2 mg/mL stock made in 0.1 N acetic acid, pH 2-3) and 50 μM indomethacin. Control experiments were conducted by incubating cells in CCM on the microcantilevers, on flat pieces of PDMS, and also in normal plastic tissue culture plates. Additionally, cells were also cultured on flat PDMS and in plastic tissue culture dishes in adipogenic and osteogenic differentiation media. The cells were incubated at 37
• C with 5% CO 2 in the appropriate differentiation or control media, which was changed every three to four days. Cells were harvested 7, 10, 15, and 18 days after the initial seven days of culture and fixed prior to staining to access differentiation. All differentiation reagents were purchased from Sigma (St. Louis, MO).
Prior to staining, the incubated cells were rinsed with phosphate buffered saline (PBS) and then incubated with neutral buffered formalin for 1 h at room temperature. The cells were then rinsed with either DI water (ODM) or PBS (ADM). The cells were then incubated for 20 min at room temperature with Alizarin Red S for detection of osteogenesis or Oil Red O for detection of adipogenesis [30] , [31] . The cells were rinsed again with DI water or PBS and visualized by light microscopy.
III. RESULTS AND DISCUSSION
The primary concern regarding the etch process was to obtain smooth sidewalls to facilitate mold separation. Fig. 3 shows an scanning electron micrograph (SEM) image of an initial etch sample. The etch parameters were 14 sccm of O 2 with 30 W of CCP power. The etch time was 1 min. As can be seen from this image, the scalloping from the Bosch process that was evident in Fig. 1 does not occur. For the image shown in Fig. 1(b) , the average scallop depth was 180 nm measured over a length of 1.5 μm.
One factor that affects the etch rate in cryogenic etching is the amount of silicon load (etchable area) to be etched on the target wafer. In both cases, where either a quarter of or the entire 4-in wafer is etched, this load remained approximately the same for three separate 2-mm 2 or 12 separate 2-mm 2 arrays. In both cases, the actual load (measured by subtracting the entire wafer area from area that was etched) was approximately 5%. Even though the silicon loads are approximately the same, there was still a noticeable variation in the etch rates between the three different diameters, with the smallest feature size showing the slowest etch rate. SEM images of a cleaved wafer with this effect are shown in Fig. 4 . The parameters for this etch are 15 sccm of O 2 with 4-W CCP power and an etch time of 2 min and 30 s. The SEM images are taken with a tilt of 30
• , resulting in a 50% foreshortening of the images so that the actual depth is twice that shown in the figure (Fig. 4) . Fig. 4(a) and (b) shows the profile for two different hole sizes with original design diameters of 750 nm and 1 μm. As can be seen from the measured depths of 1.68 μ (3.36 μm actual) and 2.03 μm (4.06 μm actual), respectively, the smaller feature size shows a slightly slower etch rate than the larger one.
The etch mask used in all cases was the ZEP 520A e-beam resist. The desired etch depth for the deepest etches was 8 μm, and, thus, a higher selectivity mask such as chromium, was not required. The nominal thickness for the resist at two spin speeds of 6000 and 2000 r/min was ∼220 and ∼374 nm, respectively. Fig. 5(a) shows a plot of nominal resist left against etch time for seven different etches. The thickness of the resist was measured using the Filmetrics F50 profilometer. In all cases, the etch was done with the following parameters: CCP power of 10 W and 13 sccm of O 2 , for wafers with initial resist thickness of ∼220 nm (6000 r/min). Fig. 5(b) shows a plot for the wafers with initial resist thickness of ∼374 nm (2000 r/min). The goodness of fit when each measurement was taken is also included in the plots. A linear fit to the data is also plotted in the two figures [ Fig. 5(a) and (b) ]. The slope for the case with a spin speed of 6000 r/min is 1.79. This represents an approximate etch rate of 1.79 nm/sec. The slope for the case with a spin speed of 2000 r/min is 1.94, representing an etch rate of 1.94 nm/sec, in close agreement with that for the spin speed of 6000 r/min. When we used an etch rate determined for these settings to be about 2.3 μm/min, the selectivity of the silicon relative to the resist was about 20 : 1.
The next most critical factor after smoothness of the sidewalls was the sidewall profile itself. The target was to minimize either positive or negative taper and to produce almost vertical sidewalls. The start position for test runs was a 1-min etch using 14 sccm of O 2 and 4 W of CCP power. Fig. 6(a) and (b) shows SEM images of the profiles obtained for these parameters. As can be seen, there was a significant positive taper and an acute narrowing at the end of the etch for the 750 nm. The etch rate for these settings was about 2.6 μm/min.
Increasing the CCP power to 30 W and keeping all the other etch parameters the same (14 sccm of O 2 ) produced almost vertical sidewalls; however, the etch rate increased for the resist. Hence, the selectivity was reduced considerably, and with these settings, it would not be possible to reach some of the target etch depths. Fig. 7(a) shows a SEM image of the result for an etch using these etch parameters.
The 30-W CCP power was obviously suitable if our target maximum etch depth was less than about 5 μm. Etching with 4 W of CCP power with 15 sccm of O 2 produced a much better result. There is still a noticeable positive taper, as can be seen in the SEM image in Fig. 7(b) . The time for the etch was 2 min. Reducing the O 2 flow rate from 15 to 14 sccm and using 4 W of CCP power with an etch time of 2 min did not produce a significant change, as can be seen in Fig. 7(c) . De Boer et al. [10] showed in their trend diagrams and tables that increasing the O 2 sccm while keeping the CCP power constant would shift the sidewall profile from negative to positive. We thus reduced the O 2 sccm further to 13 sccm, kept the power at 4 W, and increased the etch time to 3 min. As predicted, the positive taper was reduced, but there was a noticeable taper at the bottom of the etch [ Fig. 7(d) ].
Our final trial used 13 sccm of O 2 , but the CCP power was increased from 4 to 10 W. The wafer was etched for 2 min and 30 s. Fig. 7(e) shows a SEM image of the etch profile that was obtained for this etch. As can be seen, the sidewalls are effectively vertical. The resist (nominal 220 nm for spin speed of 6000 r/min) was totally etched in this case.
Due to the long exposure times required by the e-beam lithographic system, we attempted fabrication using a contact mask aligner with broadband (I-line) wavelength. A vacuum was applied between the mask and the wafer during the exposure. In this mode, it was difficult to produce the 750-nm features reliably, and there were slight defects in the 1-μm features. The 2-μm features were much better but were not comparable with those produced by e-beam, as can be seen in Fig. 8(a) and (b) . The resist used in this case was SPR 955CM. Fig. 9(a) and (b) shows SEM images of etches produced from samples of these molds. The etch parameters were 13 sccm of O 2 with 10 W of CCP power for 3 min. The slight difference in etch rate due to feature size is again evident here. Table I is a summary of the etch-process parameters used. While we expect some variation in etch depth, on the order of 5%-10%, across the entire 4-in wafer, the overall impact of these variations on the mechanical properties of our microcantilevers will be negligible compared with the systematic variations of cantilever diameter. Therefore, we conducted experiments to estimate the percentage variation in etch depth across a wafer. Based on the average depth of a 2-min cryo etch, measurements taken in the center of the wafer versus those taken around the perimeter show a variation of approximately 1.4%. The maximum difference observed is 2.2%. The features measured were 40 μm × 4 mm long trenches spaced at 6-mm intervals along their length and 4-mm intervals side to side. The field that was etched and used in the experiments was approximately 2 mm 2 , and, hence, variations in uniformity would be very small and should not impact the experiments. These microcantilever arrays, well matched to the mechanical properties of cells and their environment, will provide biologists with a means to quantify cellular forces by measuring the cantilever deflections or to control cell fate by providing a particular substrate stiffness. The ability to replica cast multiple arrays from a single substrate produced by cryogenic RIE will allow these arrays to be produced at modest cost and be used by individuals who need not be experienced in either e-beam lithography or advanced fabrication.
The PDMS devices that were cast on the silicon master molds were much easier to separate than the ones etched using the Bosch process. We initially assumed that if the molds did not have at least some degree of positive taper, it would not be possible to separate the cured PDMS from the silicon molds even after the salinization process. Initial trials used molds which had taper (etches with parameters of 14 sccm of O 2 , 4-W CCP, and etch time of 2 min, 30 s) and those with the vertical sidewalls (etches with parameters of 13 sccm of O 2 , 10-W CCP, and etch time of 2 min, 30 s). That assumption proved to be unwarranted. In both cases, the cured PDMS came off relatively easily.
Figs. 10 and 11 show SEM images of PDMS microcantilevers from the silicon master molds. As can be seen, it was possible to obtain microcantilevers with various dimensions for both the positive sidewall silicon molds and the straight sidewall molds. The microcantilevers do show some defects, which are particularly pronounced in the 750-nm devices. The more pronounced defects in the 750-nm example occur because at this dimension, the PDMS polymer is unable to replicate the molds precisely. Another explanation is that nanoscopic to microscopic air bubbles could have been trapped in the holes. What was most surprising was the fact that the 750-nm feature size with the positive-side taper seemed to show more damage than its straight sidewall counterpart. It is currently not clear why this happened. This cannot be due to surface-roughness differences as both types of molds show the same smooth surface after etching [Figs. 4(a) and 7(e)]. A more plausible explanation could be the differences in contact area or damage caused by the nanoscopic to microscopic air bubbles that are trapped in the molds, which have been shown to cause damage to PDMS molds [32] .
A more interesting fact was that the microcantilevers which had the closest pitches (∼2 μm center-to-center or ∼1 μm edgeto-edge) seemed to clump together, just as in the case of the microcantilevers from the Bosch process silicon molds. Thus, although the cryogenic etching had solved the problem of the ease of separation of the mold, it did not entirely solve the damage to the separated PDMS microcantilevers, which had also been observed in the Bosch process case as shown in Fig. 12 . This effect may be due to electrostatic charges that build on the surfaces of the PDMS during separation and cause the attractive forces. Another explanation could be the stictionfriction problem that has been reported by others [33] , [34] .
As mentioned in our Materials and Methods Section, we cured the PDMS at two different temperatures. The cure temperature of 65
• C had been successfully used in previous trials for the two steps of the soft-lithography process [20] . Tan et al. [18] , however, used two different temperatures for the two different steps, 65
• C. Our first attempts at molding PDMS from the silicon master were done at 65
• C. Subsequent trials using 110
• C seemed to solve the problem of the microcantilevers sticking to each other after mold separation. It must be mentioned that the PDMS was separated from the silicon mold immediately after removal from the curing ovens without allowing the PDMS and the mold to cool to room temperature. There was significantly less damage in this case. Fig. 13(a) and (b) shows SEM images of microcantilevers that are about 1 μm in diameter with 1 μm edge-to-edge spacing and about 5 μm tall. It is still not clear why these procedures were effective. The manufacturer-recommended curing times and temperatures for the PDMS type used for experiments (Sylgard 184, Dow Corning; Midland, MI) are 48 h at 25
• C (room temperature), 45 min at 100
• C, 20 min at 125
• C, and 10 min at 150
• C. Different groups, including our own laboratory, have also reported using different curing temperatures within this range for the same mixing ratio (10 : 1 curing agent to monomer) [18] , [20] , [35] . A recent study has examined the relationship between curing temperature and the physical properties of PDMS samples for this same type and similar mixing ratio [32] . It reports an increase in compression modulus and percentage shrinkage with an increase in cure temperature and a decrease in elongation at break, tensile strength, and tear strength. It is quite possible that a combination of an increase in shrinkage and compression (bulk) modulus may account for the observed results. Another report on a physical model for stiction in MEMS devices shows that stiction forces decrease with increasing temperature, and this could also account for the observed behavior [36] .
The vertical microcantilevers produced using the methods described earlier were used to investigate the response of mesenchymal stem cells when cultured in different types of differentiation medium on arrays with different average shear stiffness. In this study, we examined whether microcantilever arrays designed to have different effective shear stiffness would potentiate differentiation of mensenchymal stem cells down adipogenic and osteogenic pathways cultured with inductive medium. The arrays consist of individual microcantilevers arranged in three distinct spatial densities and have two different heights, thus providing six different surfaces for attachment. An example of the initial design parameters that were used is shown in Fig. 14 . The final designs consisted of arrays of three spatial densities (edge-to-edge spacings of 1, 2 and 4 μm with two distinct heights of 2 and 5 μm and diameters of 1 μm), representing approximate average shear stiffness between 5 and 15 KPa based on our calculation. Fig. 15 shows cells fixed and stained with Oil Red O after seven days of culture in medium known to cause differentiation down the adipogenic pathway. Complete data have been presented in [37] .
IV. CONCLUSION
We have examined the use of cryogenic etching of silicon at −110
• C as an alternative method to make master molds for vertical microcantilever arrays. Two critical factors that affect the etch process, O 2 flow rate and CCP, were varied to achieve the desired sidewall profile. The SF 6 flow rate during the etch was maintained at 80 sccm. Using the cryogenic-etch process alleviated the scalloping effects that we observed when we used the Bosch process in an attempt to fabricate the master molds and produced very smooth sidewalls. We observed that using a CCP power of 4 W at O 2 flow rates of between 13 and 15 sccm generally produced a positive sidewall profile which was not desirable. Using a higher CCP power (30 W) at similar O 2 flow rates produced vertical sidewalls. However, because of the selectivity of the e-beam resist used, we were unable to reach target etch depths with these parameters. Final etch parameters of 10 W of CCP power and O 2 flow rate of 13 sccm produced vertical sidewalls. These parameters also allowed us to reach target etch depths. In all cases, the ICP power, etch temperature, and SF 6 flow rate were kept constant at 1250 W,
−110
• C and 80 sccm, respectively. Experiments on etch uniformity across the wafer showed an average variation of 1.4% from the center of a wafer to the perimeter with a maximum variation of 2.2%. We observed that curing the PDMS mold at 110
• C instead of 65
• C seems to alleviate certain defects that could possibly be due to the stiction-friction problem that can occur in soft-lithographic microfabrication.
Our optimized etching process provides an important reference for fabrication of silicon master molds for cylindrical vertical microcantilevers with aspect-ratios of around 5 : 1 and with feature sizes in the 750-nm-2-μm range. It does not require the use of an additional hard mask such as chromium or gold and uses just the e-beam resist (ZEP 520A) with selectivity of about 20 : 1 and etch rates of about 2.3 μm/min. This reduces the complexity of the process.
Our process has allowed us to produce denser arrays of microcantilever arrays with different average shear stiffness. This provides an important tool that can be used for experiments in cellular biomechanics [23] . The ability to fabricate precisely controlled arrays of microcantilevers with diameters on the order of 1 μm will extend the range of shear stiffnesses that can be employed while studying substrate-dependent cell differentiation, motility and growth, or cancer invasion. For example, the rigidity of polyacrylamide gels used for studying cancer invasion has ranged from soft (360 Pa) to hard (3300 Pa) [38] . We show that we can produce microcantilever arrays that are sufficiently small and closely spaced that they can be used to support the differentiation of mesenchymal stem cells down the adipogenic pathway. Our 1-μm diameter posts provide a surface with a shear stiffness in the range from 1 to 20 kPa, but the range could be adjusted by altering the post diameter.
